We investigated prey pursuit behavior of Japanese horseshoe bats, while they were tasked to make a choice between two tethered fluttering moths during flight. Echolocation pulses were recorded by a telemetry microphone mounted on the bat, combined with a 17-ch horizontal microphone array to measure pulse directions. Flight paths of the bat and moths were monitored by using two high-speed video cameras. Acoustical measurements of CF echoes from fluttering moths (67 kHz : CF2 frequency) was conducted using an ultrasonic loudspeaker, turning the head direction of the moth to the loudspeaker from 0deg. to 180deg. in the horizontal plane. Amount of acoustical glints caused by moth fluttering varied with the sound direction, showing the maximum between 70deg. and 100deg.. In the flight experiment, moths chosen by the bat fluttered within or moved across these angles to the bat's pulse direction, which would cause dynamic changes in frequency and amplitude of acoustical glints during flight. This result suggests that dynamic changes in acoustical glints appear to attract the bats for prey selection. Furthermore, mathematical modeling implied that the bats possibly took the optimum flight path for capturing a target which the bat selected based on the acoustical cues in the echoes.
INTRODUCTION
Echolocation behavior of bats adapt to hunt insect preys, i.e., changing duration and frequency of emitted pulse to effectively obtain information about the targets from returning echoes. For example, bats can detect faint echoes from small target preys. Some previous studies suggested that bats use the acoustical information obtained from fluttering insects that is encoded both in frequency and amplitude modulations of the echoes (acoustical glints) to detect and even identify or classify the insects (H.-U. Schnitzler and Flieger, 1983 ; H. U. Schnitzler and Ostwald, 1983; von der Emde and Menne, 1989; von der Emde and Schnitzler, 1991 ; H. U. Schnitzler and Kalko, 2001 ; H. U. Schnitzler and Denzinger, 2011) .
Here, echoes from fluttering moths (Goniocraspidumpryeri) were investigated by using artificial sounds to estimate how the acoustical features of the echoes coming back from fluttering moths changed with the incident angle of echolocation pulses emitted by the bats during prey capture flight. We then investigated the prey pursuit behavior of Japanese horseshoe bats, Rhinolophus ferrumequinum nippon while the bats were tasked to make a choice between two tethered fluttering moths during flight in a chamber. The echolocation sounds were recorded using a telemetry microphone (Telemike) that was mounted on the bats, combined with a 2-D microphone array system arranged in the chamber. We investigated how the bats changed the direction and beam width of emitted pulses during target selection task, considering changes in acoustical glints of echoes coming back from the moths.
MATERIALS AND METHODS

Subject
Four adult horseshoe bats (Rhinolophus ferrumequinum nippon, body: 6.0 -8.0 cm, body mass: 20 -30 g) were used in this study. The bats were captured from a natural cave in Hyogo prefecture in Japan under license and in compliance with current Japanese laws. The animals were housed in a temperature-and humidity-controlled colony room (3 m × 4 m × 2 m) at Doshisha University in Kyoto, Japan. The bats were allowed to fly freely and were provided access to food (mealworms) and water. The day and night cycle of the room was set to 12 h dark: 12 h light. On the day before the experiment, the amount of food provided to the bats was reduced by 50 % to ensure motivation for capturing moths during the experiment.
Noctuid moths (Goniocraspidumpryeri) were caught as adults from a cave in Osaka prefecture in Japan. G. pryeri are widely distributed in Japan, and they diapause from summer to the next spring in caves that are used by R. ferrumequinum nippon as a day roost (Sano, 2006) . G. pryeri have ears, but their auditory characteristics with respect to the echolocation sounds of bats have not been investigated. The average body length is approximately 20 mm with the maximum wing span of 40 -44 mm. The moths were housed in a rearing cage in the bat room under the same light cycle.
Acoustical measurements of CF echoes from fluttering moths
To record the returning echoes from the moths, the moths were suspended 0.3 m in front of a loudspeaker (PIONEER CORPORATION, PT-R7 III, Kanagawa, Japan), which was positioned in the center of the flight chamber. A thin wire was attached to the moths' bodies. The walls of the chamber were coated with soundabsorbing materials to adequately reduce surrounding echoes. An ultrasonic microphone (Titley Electronics, Ltd., ANABAT II, Ballina, Australia) was mounted on the top of the loudspeaker in the same orientation and pointed towards the moths.
The CF sounds (100ms duration, 67 kHz), which were generated using a function generator (Agilent Technologies, 33220A, Tokyo, Japan), were emitted from the loudspeaker with 114 dB re 20 PPa (peak-to-peak) measured 0.5 m in front of the loudspeaker. Echoes returning from the moths were recorded by the microphone, then band-pass filtered from 20 to 150 kHz (NF Corporation, Model 3625, Yokohama, Japan), digitized by a DAT recorder (SONY, Model SIR-1000W, Tokyo, Japan, 16-bit, 384 kHz) and stored as files on the hard disk of a personal computer.
The moths were rotated every 10° from 0° to 180° in the horizontal plane. In this case, 0° was defined the angle that head direction of the moths to the loudspeaker (Fig.1) . FIGURE 1. Measurement system of echoes returned from a fluttering moth. The artificial CF sounds (100ms duration, 67 kHz) were emitted by an ultrasound loudspeaker located 0.3 m in front of the moth. The moths was rotated every 10° from 0° to 180° in the horizontal plane. In this case, 0° was defined the angle that head direction of the moth to the loudspeaker.
Behavior experiments during moth capture flight
We observed prey pursuit behavior of bats while they were tasked to make a choice between two tethered fluttering moths during flight. Two moths were located at the same distance from the bat's starting point and were tethered from the ceiling in a chamber (3 m×8 m×2 m). Flight paths of the bat and moths were monitored by using two high-speed video cameras. Echolocation pulses were recorded by a telemetry microphone (Telemike) mounted on the bat (Hiryu et al., 2008) , combined with a 17-ch horizontal microphone array to measure pulse directions. The recording procedure was the same as that used in a previous study (Matsuta et al., in press ). Recorded pulses were digitized by a DAT recorder (SONY, Model SIR-1000W, Tokyo, Japan, 16-bit, fs =384 kHz) for the Telemike recording and a A/D converter (SONY SIR-1999W, fs = 384 kHz, 16-bit) for the microphone array measurements, respectively. The data were stored as files on the hard disk of a personal computer.
The sound pressure levels of each microphone in the array were converted to vectors so that the horizontal pulse direction was computed by adding up these vectors (Matsuta et al., in press ). The beam width was defined by -6 dB off-axis angles from the direction of the emitted pulse on the pulse directivity pattern. The flight direction of the bat was calculated as the time derivative of the coordinates on the bat's flight trajectory. 
RESULTS AND DISCUSSION
Acoustical measurements of CF echoes from fluttering moths
Three moths were used in this experiment. Figure 3 shows amplitude pattern and spectrogram of the echo returning from the fluttering moths that were oriented at 0°, 100° and 180° relative to the sound source. Echoes returning from the fluttering G. pryeri were amplitude-modulated, showing periodic peaks (amplitude glints: top panel in Fig. 3 ). In addition, positive and negative Doppler shifts (spectral glints) of approximately ± 1 kHz were repeated in synchronization with the wing beat cycle of the moths (bottom panel). Figure 4A shows the change in echo sound level (amount of amplitude glints) as a function of the incident angle of the sound. The amount of amplitude glints showed a maximum approximately between 70° and 100° whereas the minimum was around 140°. The amplitude modulation is maximum when the reflective area is the largest, and this corresponds to the wing area located on the side of the moth's body.
In addition, Fig. 4B shows changes in positive and negative Doppler-shifts (green and blue circles). The positive Doppler shift was strongest at approximately 100°, and then decreased from 120° side to the front of the moth. On the other hand, the negative Doppler shift was comparatively small and was bigger only for the 0°. These findings indicate that both amplitude and frequency glints strongly depend on the incident angle of the sound. 
Behavior experiments
A total of 12 flights recordings of successful moth captures were taken from the four bats. When the experimenter released the bat in the flight chamber, the bat started to approach the fluttering and tethered moth. The bat eventually grasped it in its wings. The bats never directly captured moths with their mouth. Figure 5A shows representative flight paths of the bats (red line) and of the moths (orange and green). Figure 5B shows that the bat started emitting long pulses with a duration of approximately 60-80 ms about 1.5 s before capture (at approximately 2 m from the moth). The bat can repeatedly detect the fluttering period of target moths by an increase in pulse duration, which may provide the bats with detailed information for prey selection. In fact, Fig. 5C shows that the bat frequently shifted its attention between moth 1 and moth 2 during emissions of these long duration pulses, i.e., some pulses were emitted toward moth 2 before pulse directions were aimed to the target direction of moth 1 which was finally captured. We tracked the angle T between the flight directions of the moth 1, moth 2 and the bat over time so that the amount of acoustical glints returning from the moths to the bat could be estimated. Figures 6 shows the changes in angle T of moth 1 and moth 2 during the flight shown in Figs. 5A. 1.5 s prior to the capture, the echoes from moth 2 were assumed to be stronger than those from moth 1 because moth 2 directed within the angles that produced strong acoustic glints (60° and 120°). At this moment, the bat directed it pulse direction toward moth 2 (Fig. 5C ). When the moth 1 turned to the angles within 60°-120° (1.5-1 s prior to the capture), the bat shifted the pulse direction from moth 2 to moth 1, with consecutive emissions of a long pulse (marked with asterisks). Figure 7 shows the comparison between the angles of the bat flight direction relative to its targeted (pulse direction was aimed) and untargeted moths at the time of pulse emission. The biggest probability for the moth to be targeted by the bat was when its flying direction ranged the angles within 60°-120° relatively to the bat pulse direction. These angles are indeed the ones that produced the strongest acoustical glints. These findings suggest that the bats are more attracted to the prey returning the strongest echoes during target selection task. 
CONCLUSION
We investigated the prey pursuit behavior of Japanese horseshoe bats, while they were tasked to make a choice between two tethered fluttering moths during flight. The amount of acoustical glints caused by the moth fluttering varied with the sound direction, showing a maximum between 70° and 100°. During the flight experiment, moths chosen by the bats fluttered within or moved across these angles to the bat's pulse direction, which would cause dynamic changes in frequency and amplitude of acoustical glints during flight. This result suggests that dynamic changes in acoustical glints appear to be critical in the prey selection process of the bats.
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